A recent phylogenomic analysis of arthropod relationships (Regier et al., 2010) produced several surprising clades within Tetraconata (Pancrustacea). The first discussion of these heterodox findings in the carcinological literature was published in the Journal of Crustacean Biology by Ferrari (2010) . Ferrari criticized the findings of Regier et al. from three perspectives: 1) that morphological and developmental evidence was not considered by Regier et al., thus casting doubt on their results; 2) that Regier et al.'s tree implies incredible transformations in crustacean body plans; and 3) that Regier et al.'s results could be a methodological artifact. I show that none of these criticisms can withstand scrutiny. One should take care in structuring a phylogenetic critique. Not doing so may well be counterproductive if the aim is to increase respect for non-molecular evidence in phylogenetics.
INTRODUCTION
The phylogenomic analysis of arthropod relationships published by Regier et al. (2010) is one of the most notable advances in invertebrate phylogenetics of the past year. The light that this study throws on the vexing problem of higher-level crustacean relationships and the phylogenetic position of the hexapods should be particularly exciting to the readers of this journal. Despite a considerable amount of recent research dedicated to resolving crustacean, or tetraconatan (aka Pancrustacea: Crustacea + Hexapoda) phylogeny, very little detailed consensus has been achieved, irrespective of whether one considers either morphological, or molecular data, or both (Jenner, 2010) . This is unsurprising insofar as a consensus view is unlikely to emerge in a field where published studies frequently differ in their taxon and data sampling, as well as their methods of analysis. Regier et al.'s study is a major step forward because of its broad sampling of crustaceans, and the unprecedented quantity of sequence data that was analyzed by a variety of methods. Regier et al.'s (hereafter REA) analysis is noteworthy especially because it presents some fascinating and unexpected results, such as the sister group relationship of Hexapoda to a clade of Remipedia + Cephalocarida (Xenocarida). Despite the fact that REA is already well on its way to becoming a citation classic, what has been conspicuously lacking in the literature so far is a detailed explication of the implications of REA's molecular phylogeny for our understanding of the evolution of crustacean body plans. It was therefore exciting to see the paper of Ferrari (2010) published in this journal with the promising title ''Morphology, development, and sequence,'' the first discussion of REA in a carcinological journal. Sadly, I believe the paper cannot function as an adequate phylogenetic critique. It is doubly sad given that Ferrari's paper was published in the same issue as an historical retrospective that demonstrates the solid track record of JCB in crustacean phylogenetics (Schram, 2010) . The argumentation in Ferrari (2010) requires a detailed response both for itself, and for a more general reason. I fear that although the paper aims to underscore the importance of non-molecular data for phylogenetics, Ferrari's effort is in danger of achieving the opposite result.
FERRARI'S STRATEGY OF CRITIQUING REA
Ferrari advances a three-pronged critique of REA. Firstly, he argues that morphological and developmental evidence ignored by REA casts doubt on their results. Secondly, Ferrari argues that REA's tree is unlikely to be true because on the one hand it implies a pattern of convergent evolution of character states that would be ''difficult to explain'' (p. 768), and on the other hand it would require ''too many instances of reversals or of secondary loss of structure to be credible'' (p. 768). Thirdly, Ferrari claims that REA's results may be a methodological artifact.
In principle, these could be valid and interesting reasons for a phylogenetic debate. Are Ferrari's arguments, however, adequate? I will evaluate the three aspects of Ferrari's critique below, but before doing so I want to draw attention to some general issues in his paper.
To advance his arguments, Ferrari cleverly coaxes readers into a sympathetic state of mind, opening the article with a quote from Chico Marx: ''Well, who you gonna believe, me or your own eyes?'' This amusing citation is apposite enough, considering that the study of REA threw up some highly unorthodox clades, one of which REA decided to name Miracrustacea, or 'surprising crustaceans,' for the union of hexapods, cephalocarids, and JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 373-377, 2011 remipedes. Yet, the quotation also establishes an atmosphere of incredulity that allows Ferrari's argument to resonate as a serious indictment: ''An arthropod phylogeny derived from nucleotide sequences (Regier et al., 2010) did not consider either the morphology or the development of crustaceans.'' It implies either that REA's decision not to consider morphology and development is gravely unjustified, or else that Ferrari's remedy of this omission can weaken REA's results. Neither, however, is the case.
REA can scarcely be criticized for deciding not to combine molecular and morphological data into a single phylogenetic analysis, as the study's explicit aim was to perform a phylogenomic analysis. That REA did not provide a detailed discussion of the implications of their molecular phylogeny is to be expected -if deplorable -in a journal like Nature, which has severe page limitations. Even so, REA is a phylogenomic study based on an impressive amount of work in both field and laboratory by a team of researchers. The team produced a large amount of new sequence data, encompassing sequences from 62 single-copy nuclear protein-coding genes for 75 species of arthropods, including 25 crustaceans, all of which were generated using PCR-based methods. This makes the paper at once both a cutting-edge advance, and an anachronistic oddity. Large phylogenomic datasets can now be generated from EST (expressed sequence tags) sequences derived from mRNAs at a fraction of the cost and effort required to generate an equivalent dataset with PCR-based methods. Yet, readers are left entirely in the dark about these details and merit of REA's study. Ferrari simply sums it up as ''[a] recent attempt to infer arthropod phylogeny from sequences of nuclear protein-coding genes'' (p. 767). For readers unfamiliar with REA this creates the misleading impression that the weights of evidence contained in REA's molecular dataset, and in Ferrari's critique based on morphological and developmental data, are about equal. That would be to misjudge a rather extreme imbalance.
Let us now return to the three-pronged critique advanced by Ferrari.
STEP 1: NEGLECTED MORPHOLOGICAL AND DEVELOPMENTAL EVIDENCE
Ferrari follows the same line of reasoning for both his morphological and his developmental evidence. He claims that his consideration of selected morphological evidence ''provides a useful check of morphological support for the cladogram [of REA]'' (p. 767). However, I believe the attempt is not effective. The totality of the morphological and developmental evidence that Ferrari uses to probe the veracity of REA's phylogeny that is based on the analysis of over 41 kilobases of aligned sequence data amounts to this: one morphological character, and one developmental character. Given this dramatic discrepancy in the quantity of the different kinds of data, data quality becomes the crucial arbiter in this debate.
In general, to rigorously check whether a new source of data is in agreement with a phylogenetic hypothesis, one of two strategies could be followed. The first would entail performing a new phylogenetic analysis that incorporates the new data, while the second would entail mapping the character(s) of interest on an existing tree to see whether the implied character state changes underpin clades of interest. The second strategy has become quite popular with molecular phylogeneticists who may map cherry-picked morphological and other non-molecular characters onto the barebones of a molecular tree to investigate the evolution of characters of interest. Although an efficient way to study character evolution, this approach has rightly come under fire as a way of assessing clade support because it removes the possibility that the non-molecular evidence can influence the tree topology in the first place (Assis, 2009; Assis and de Carvalho, 2010; Assis and Rieppel, 2010) . Ferrari, however, does not use either of these methods.
The single ''morphological transformation'' (p. 767) discussed by Ferrari is the evolution of a ''modified first trunk limb,'' i.e., one with ''a protopod with well-developed endites similar to those on the last cephalic limb anterior to it.'' Ferrari rightly points out the importance that has long been attached to the evolutionary transformation of trunk limbs into what are commonly referred to as maxillipeds, modified trunk limbs functionally integrated with cephalic appendages for feeding. Ferrari assumes the ancestral state for the limb character to be a first trunk limb with a protopod that lacks endites. He then proceeds to list taxa in the different clades of REA's tree that have, or do not have, maxillipeds with endite-bearing protopods. Yet, Ferrari does not explain what phylogenetic relationships this character would imply that would be in conflict with REA's tree. The simplest consequence of accepting his apomorphic character state for tetraconatan trunk limbs would be the grouping of a set of taxa into a clade that has never before been thought to be monophyletic. Hence, Ferrari only notes that this character only provides ''little'' or ''limited'' support (p. 767) for the REA tree. This is scarcely a convincing argument to sufficiently cast doubt on REA's tree.
The developmental character discussed concerns the timing of body segmentation during crustacean development. Ferrari lists two variables: whether taxa have postembryonic addition of segments (somites) or not, and whether they have a naupliar stage or not. Ferrari does not specify which clades in REA's tree this developmental character would conflict with, nor whether the morphological and developmental evidence would favor the same tree. In fact, Ferrari does not specify plesiomorphic or apomorphic states at all for this developmental character. Not doing so makes the listing of which taxa have postembryonic segment addition and a nauplius stage phylogenetically powerless.
STEP 2: INCREDIBLE IMPLICATIONS FOR CHARACTER EVOLUTION
I suspect that what Ferrari (and perhaps many readers) really finds difficult to accept is what REA's tree, if true, would imply about crustacean body plan evolution. The basic problem with REA's phylogeny, as Ferrari sees it, is that ''similar morphology and development are found among distantly related crustaceans, while differing morphology and development are found among closely related crustaceans'' (p. 767). Ferrari writes that the ''presence of similar morphological structures on distantly related crustaceans, like the configuration of the transformed protopod of oligostracan mystacocaridans and vericrustacean copepods, is difficult to explain by convergence. If convergence is functionally driven, as is usually assumed, then the morphology derived from convergence is not expected to be identical or even similar.'' This statement glosses over the salient fact that crustaceans, and arthropods in general, despite their manifold differences, do share striking body plan similarities, such as segmented trunk limbs. It is not clear why convergent evolution should not be able to fashion ''even similar'' structures from such similar starting substrata. Convergent evolution of similar, albeit not identical, structures in disparate taxa is well-known across the arthropods, such as the convergent evolution of prominent chelate claws in chelicerates and malacostracan crustaceans, and the convergent evolution of well-developed eyes, an elongated 'neck', and robust raptorial legs in mantises and mantispids (Grimaldi and Engel, 2005) . In fact, crustaceans provide some striking and even famous examples of convergent evolution of similar morphologies. Four such examples are: 1) the convergent evolution of tri-flagellate antennules in stomatopods and some decapods (Boxshall et al., 2010) ; 2) the remarkable convergence of slug-shaped stages in the life cycles of Rhizocephala and Facetotecta (Glenner et al., 2008; Pérez-Losada et al., 2009 ); 3) the multiple independent carcinization events within Anomura, and at the base of Brachyura (Ahyong et al., 2009) ; and 4) the convergent evolution of pectinate claws in decapods (Tshudy and Sorhannus, 2000) . Suffice it to say that the prevalence and details of established cases of convergent evolution across the entire tree of life (see for example http://www. mapoflife.org/) have prompted others to adopt the opposite extreme viewpoint, viz., to see evolution as positively predictable (Conway Morris, 2010) .
Moreover, although the morphology of the protopod of the first trunk limbs in mystacocarids and copepods may indeed be convergent, if REA's tree is true, the character may nevertheless provide 'support' for a part of REA's tree. If we follow Ferrari's logic and code ''transformed protopod on the first trunk limb'' absent or present, the transformation to the presence state provides 'support' for the large clade Altocrustacea of REA under ACCTRAN optimization, and for the clade Xenocarida under DEL-TRAN optimization. Ferrari could have discovered this had he performed explicit character mapping.
Ferrari is uncomfortable with the implication of REA's tree that close relatives may be very different. He writes, ''closely related crustaceans with disparate morphologies may require too many instances of reversals or of secondary loss of structure to be credible' ' (p. 768) . Despite the fact that his morphological character may 'support' this clade under DELTRAN optimization, Ferrari finds the sister group relationship of remipedes and cephalocarids ''particularly challenging'' (p. 768). I share Ferrari's puzzlement about this clade, even though my colleagues and I also recovered this clade in another broadly sampled molecular crustacean phylogeny (Koenemann et al., 2010 ) .
Yet, ever since Darwin, evolution is conceived of as 'descent with modification.' A, perhaps the, central insight of a century and a half of phylogenetic research is that similarity does not necessarily line up neatly with propinquity of descent. Moreover, the expected amount of body plan divergence between two taxa is not primarily a function of how closely related they are, but of how recently their lineages diverged. Ferrari is discussing higher-level taxa, not recently diverged species. It is of course commonplace to notice striking differences between the body plans of closely related higher-level taxa. Although we currently lack a reliable time-tree for Tetraconata, the remipede and cephalocarid lineages may have separated hundreds of millions of years ago, which would provide ample time for the morphological and developmental divergence of their crown body plans. The interpretation of the Carboniferous Tesnusocaris goldichi Brooks, 1955, as a fossil or stem-group remipede (Emerson and Schram, 1991; Koenemann et al., 2007 ) supports this conclusion. Without access to the relevant information from the fossil record, and in view of our rudimentary understanding of what is or isn't possible in the evolution of body plans, it is almost impossible to establish what can or cannot be accomplished during evolution. Eventually, we will know which group of extant crustaceans is most closely related to hexapods. No matter which group this turns out to be, as we wrote a decade ago, this means we ''must deal with the very distinct nature of the different ground patterns between the two groups'' [italics in original] (Schram and Jenner, 2001) . Amazing things have happened in the deep evolution of animal body plans. Rigorous phylogenetic analyses reveal these events; it is our task to deal rigorously with such findings, not to shake our heads in disbelief on the basis of little more than a gut feeling.
The third and final stage of Ferrari's critique of REA is methodological, but it is not particularly clear. Ferrari diagnoses ''a methodological problem'' that has led to an ''instrumental artifact.'' ''Sequence analyses often generate a large population of possible cladograms. These cladograms then are sampled, and statistical support values, actually magnitudes of quantities, are derived for the different lineages. However, there has been only one history of life on earth, and thus only one phylogeny of arthropods. The population of possible cladograms is a purposefully-generated, instrumental artifact'' (p. 768).
It is difficult to provide a concise response to this charge. It brings to mind the well-known criticisms that have long been leveled against the use of bootstrap values as measures of phylogenetic uncertainty (see Grant and Kluge, 2003) . However, this impression may be misleading because Ferrari actually refers to the sampling of trees from the population of trees generated by the phylogenetic analysis. This would imply that Ferrari is concerned with the existence of multiple equally optimal trees with different topologies, the sampling of which would then provide the numbers associated with the clades of the one selected tree. This would be compatible with interpreting the numbers found associated with a given clade as the relative frequency of the occurrence of that clade in the trees contained in the sample, such as those found on majority rule consensus trees resulting from parsimony or Bayesian phylogenetic analyses (known as posterior probabilities in the latter case). Yet, this would conflict with Ferrari referring to the trees in the sample as ''purposefully-generated…instrumental artifacts'' (p. 767). One may indeed label the pseudo-replicate trees generated during bootstrap analyses ''instrumental artifacts.'' One cannot apply, however, this label to the equally optimal trees generated in a phylogenetic analysis. In addition to its inconsistency, Ferrari's criticism fails because REA present results from parsimony, maximum likelihood, and Bayesian analyses, with both bootstrap values and posterior probabilities associated with these results. It remains unclear which of these represents the target of Ferrari's critique.
CONCLUSIONS
Phylogenetics thrives on surprising, heterodox results, and in this exciting era of phylogenomics these are not in short supply. The phylogenomic study of REA produced some remarkable patterns of tetraconatan relationships that demand careful study from a variety of perspectives in order to ascertain whether they are, or are not, methodological artifacts, and to assess their consistency with independent evidence. Ferrari (2010) has attempted the first such evaluation in the carcinological literature, but I fear the points he raises are not effective.
First, Ferrari's charge that REA's tree only finds ''limited'' or ''equivocal'' support from two morphological and developmental characters that are neither used to infer a new tree, nor mapped onto REA's tree, is the equivalent of critiquing a comprehensive morphological phylogenetic analysis by pointing out that it is not fully congruent with two positions in an incomplete molecular sequence alignment. Clearly, this would never be accepted as an effective criticism of the morphological tree.
Second, Ferrari's difficulty in reconciling REA's phylogeny with his own beliefs of what is, or is not, ''credible'' in the evolution of crustacean body plans pinpoints precisely what is so exciting and valuable about molecular phylogenies: they are the only way for us to break through our own preconceptions of what is or is not possible in evolution. In my view, our current knowledge about the details of crustacean body plan evolution is by no means secure enough to function as an effective basis of Ferrari's critique of REA.
Third, Ferrari's criticism of REA's results as an ''instrumental artifact'' does not distinguish between the various phylogenetic methods used by REA, which require different kinds of interpretation.
Ferrari clearly, and laudably, aims to bolster the reputation of morphological and developmental data as phylogenetic arbiters. We live in a time when morphological phylogenetics operates increasingly in the shadow of molecular phylogenetics (Bybee et al., 2010) . For some, the phylogenetic significance of data derived from the study of comparative morphology has been whittled down to near irrelevance (Scotland et al., 2003) . Others are worried that this increasingly subsidiary role of morphology in phylogenetics unnecessarily impoverishes systematics (Jenner, 2004; Assis, 2009; Assis and de Carvalho, 2010; Assis and Rieppel, 2010; Mooi and Gill, 2010) . A rigorous phylogenetic enterprise can only be sustained by placing a robust and careful dialogue between morphology and molecules at the center of systematics. However, without adhering to certain quality criteria for both empirical data and soundness of argument, careful dialogue will quickly degenerate into the sterile recriminations that are so characteristic of political polemics. This is not something to aspire to in science. Ferrari's critique of REA is sandwiched between the amusing Chico Marx quote at the beginning of the paper, and this statement at the end: ''A sequence of nucleotides is not the center of the biological universe around which wander the morphological planets, epicycle upon epicycle'' (p. 768). I agree completely with Ferrari that morphology should not have to play second fiddle to molecules in phylogenetics. Yet, this important point deserves more that just rhetorical support.
